Viruses such as hepatitis C and the severe acute respiratory syndrome coronavirus (SARS-CoV) encode proteins that are distributed between mitochondria and the nucleus, but little is known about the factors that control partitioning between these sites. SARS-CoV encodes a unique accessory gene called open reading frame (ORF) 3b that, like other unique accessory genes in SARS-CoV, likely contributes to viral pathogenicity. The ORF 3b protein is 154 amino acids and is predicted to express from the second ORF in subgenomic RNA3. In this report, we have characterized the molecular components that regulate intracellular localization of the ORF 3b protein. We demonstrate unique shuttling behavior of ORF 3b, whereby the protein initially accumulates in the nucleus and subsequently translocates to mitochondria. Following nuclear localization, ORF 3b traffics to the outer membrane of mitochondria via a predicted amphipathic ␣-helix. Additionally, ORF 3b contains a consensus nuclear export sequence, and we demonstrate that nuclear export and thus mitochondrial translocation are dependent on a leptomycin Bsensitive nuclear export mechanism. We further show that ORF 3b inhibits induction of type I interferon induced by retinoic acid-induced gene 1 and the mitochondrial antiviral signaling protein. Our observations provide insights into the cellular localization of ORF 3b that may enhance our understanding of the mechanisms by which ORF 3b contributes to SARS-CoV pathogenesis. The findings reported here reveal that for multilocalized proteins, consideration of the spatiotemporal distribution may be crucial for understanding viral protein behavior and function.
The severe acute respiratory syndrome coronavirus (SARS-CoV) emerged in 2003 and caused a multinational epidemic. SARS-CoV is characterized by a 100-nm enveloped virion containing the spike glycoprotein, the membrane glycoprotein, small envelope protein, and the 3a glycoprotein (19, 22) . Additional proteins associated with the viral particle include nucleocapsid phosphoprotein (N) and open reading frame (ORF) 6 protein (21) . The 29,751-nucleotide genome of SARS-CoV is composed of single-stranded, positive-sense RNA and is predicted to contain 15 ORFs. The SARS-CoV genome encodes eight smaller ORFs located in the 3Ј end of the genome that are predicted to express eight proteins that are novel even among other known human CoVs. Five of these eight groupspecific ORFs, including ORFs 3a, 3b, 6, 7a, and 7b, were deleted from recombinant SARS-CoV and found to be dispensable for viral replication both in tissue culture and in mice (40) . It is therefore likely that these five accessory proteins promote specialized viral replication or modulate host immune responses (31) . Detailed characterization of these novel proteins should contribute to a better understanding of both SARS pathogenesis and the challenges viruses face in host tissues.
One of the unique proteins is encoded by ORF 3b, the second ORF in subgenomic RNA3 (32) . Also known as X2 or ORF 4, the ORF 3b protein is predicted to be 154 amino acids long, and current evidence suggests that ORF 3b may be expressed during infection (4, 16) . The precise determinants of intracellular localization of ORF 3b are not yet understood. Certain studies have reported both mitochondrial and nucleolar localization of ORF 3b, whereas others have detected only nuclear localization (25, 41, 43) . Importantly, ORF 3b has been shown to antagonize cellular production of type I interferon (IFN) (25) . Additional studies suggest that ORF 3b might be involved in initiating host cell apoptosis although these have been contested (24, 42) .
In the present study, we report unique localization behavior of ORF 3b, whereby the protein initially accumulates in the nucleus and subsequently translocates to mitochondria. The molecular determinants of subcellular localization include a CRM1-dependent nuclear export sequence and a predicted amphipathic ␣-helix necessary for binding to the outer membrane of mitochondria. Within this predicted helix, two lysine residues are important to mediate mitochondrial localization. Finally, we confirm previous findings demonstrating an inhibitory role for ORF 3b in type I IFN signaling and suggest that the inhibitory effect of ORF 3b occurs at or downstream of the mitochondrial antiviral signaling (MAVS) protein. These findings may contribute to understanding the mechanism by which ORF 3b contributes to SARS-CoV pathogenesis.
MATERIALS AND METHODS
Plasmids. Reverse transcription followed by PCR was carried out using the gene-specific primers 3b FOR and 3b REV ( Table 1) . Resulting PCR products were subjected to restriction digestion and cloned into the EcoRI-XmaI sites of the p3xFlag-EGFP vector, which expresses ORFs fused to enhanced green fluorescent protein (EGFP) under the control of the cytomegalovirus promoter. The absence of unintended mutations in the resulting construct was confirmed by sequencing. For cloning of truncated forms of ORF 3b, gene-specific primers were designed to amplify DNA coding for amino acids 20 to 154, 1 to 70, 1 to 90, 1 to 110, and 1 to 130 (Table 1) . PCR products were digested and cloned into the EcoRI and AgeI sites of the vector pEGFP-N1 (BD Biosciences, Clontech, Palo Alto, CA). Rev-GFP was kindly provided by Diane Bolton (National Institute of Allergy and Infectious Diseases [NIAID], National Institutes of Health). A constitutively active form of the retinoic acid-induced gene 1 (RIG-I-N) expression construct and IFN regulatory factor 3 (IRF-3) luciferase reporter plasmids were gifts from Takashi Fujita (Kyoto University), and the pRLTK reporter construct was purchased from Promega. The expression construct for MAVS was from Zhijian Chen (University of Texas Southwestern Medical Center).
Site-directed mutagenesis. Mutagenesis of the wild-type protein was carried out by PCR, followed by DpnI digestion using primers described in Table 1 .
Cell culture and transfection. Vero and HEK293T cells were obtained from the American Type Culture Collection (Rockville, MD). Cells were maintained in Dulbecco's modified Eagle's medium with 4.5 g/liter glucose, supplemented with 2 mM L-glutamine, 1% penicillin-streptomycin solution, and 10% fetal bovine serum. HEK293T cells were transfected by the calcium phosphate precipitation method using 1 g of DNA. Vero cells (1 ϫ 10 6 ) were transfected with 0.5 g of DNA by Amaxa nucleofection, using solution V and Amaxa program T-16 (Gaithersburg, MD). Where indicated in the figures, cells were cultured in the presence of 5 ng/ml leptomycin B (LMB) (Sigma).
Microscopy. Transfected cells were subcultured in a four-chamber borosilicate chambered coverglass system (Nunc) and imaged live under a confocal fluorescence microscope using a 63ϫ oil immersion objective (Leica SP5; Leica Microsystems, Wetzlar, Germany). During imaging, cells were maintained at 37°C and 5% CO 2 , and laser power was kept at minimal intensity to limit cytotoxicity. To assess intracellular localization, cells were stained with 20 nM MitoTracker Red CMXRos or 1 g/ml Hoechst 33342 (Invitrogen-Molecular Probes, Carlsbad, CA).
FRAP. Fluorescence recovery after photobleaching (FRAP) analysis was done on Vero cells transfected as above with EGFP fused to the C terminus of ORF 3b (ORF 3b-EGFP). Images were acquired from cells cultured in phenol redfree Dulbecco's modified Eagle's medium with 5% fetal bovine serum. The microscope stage was heated to 37°C and a 63ϫ objective was used. Defined regions of the cells were photobleached with the 488-nm line of a 400-mW Ar/Kr laser using 100% laser output for 15 iterations. Recovery of fluorescence was monitored by scanning the regions of interest once per second for at least 15 s after photobleaching. Mean fluorescence intensity of the regions of interest were calculated and plotted versus time with LAS AF software and the FRAP wizard program (Leica). Subcellular fractionation and proteinase K digestion. Mitochondria were isolated by Percoll gradient centrifugation, using a mitochondrial isolation kit (Sigma) according to manufacturer's instructions. Briefly, 20 million transfected HEK293T cells were harvested in mitochondrial lysis buffer (10 mM HEPES, pH 7.5, 200 mM mannitol, 70 mM sucrose, 1 mM EGTA), supplemented with complete protease inhibitor cocktail (Roche), and homogenized for 60 to 70 strokes with a Dounce homogenizer. Samples were then transferred to Eppendorf tubes and centrifuged at 600 ϫ g for 5 min at 4°C to eliminate nuclei and unbroken cells. The cytosolic fraction was collected from the supernatant after another centrifugation at 10,000 ϫ g for 10 min at 4°C. The pellet was resuspended in Percoll solution (30% Percoll, 225 mM mannitol, 25 mM HEPES, 0.5 mM EGTA, and 0.1% bovine serum albumin) and ultracentrifuged at 40,000 ϫ g for 1 h at 4°C. The mitochondria (the most prominent layer) were removed by syringe and washed with phosphate-buffered saline. The mitochondrial fraction was then incubated with 0 or 10 g/ml proteinase K (Sigma) for 30 min at 25°C, at which time the digestion was stopped by the addition of phenylmethylsulfonyl fluoride (Sigma) to a final concentration of 2 mM. Mitochondrial samples were lysed with 2% sodium dodecyl sulfate lysis buffer before analysis by immunoblotting.
Immunoblot analysis. Lysates were boiled in reducing sample buffer and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using Novex 4 to 12% Bis-Tris gels. (Invitrogen) and immunoblotted using anti-Flag M2 (Sigma), anti-Tom20 (Santa Cruz Biotechnologies, Santa Cruz, CA), or anti-oxidative phosphorylation complex I (OxPhos-I) (Invitrogen-Molecular Probes) as described previously (44) .
Dual luciferase reporter assays. HEK293T cells were cotransfected with 0.25 g of the reporter plasmid containing the NF-B or IRF-3 promoter linked to firefly luciferase and 40 ng of the Renilla luciferase reporter plasmid (pRLTK), which is constitutively expressed. Cells were also cotransfected with 1 g of a plasmid expressing ORF 3b or empty vector and 0.5 g of empty vector, RIG-I-N, or MAVS constructs for stimulation. Transfected cells were assayed 16 h posttransfection (hpt). Where indicated, cells were treated with 10 ng/ml human tumor necrosis factor alpha (TNF-␣; R&D Systems) for 6 h prior to analysis. Cells were lysed in 500 l of passive lysis buffer for at least 30 min and mixed, and 
RESULTS
Subcellular localization of ORF 3b. Previous reports have described both nuclear and mitochondrial locations for ORF 3b, but the findings have been discrepant (25, 41, 43) . We examined the live intracellular localization of ORF 3b by ex-pressing ORF 3b-EGFP. Vero cells expressing the ORF 3b-EGFP plasmid were analyzed by confocal microscopy after costaining for the nucleus and mitochondria with Hoechst and MitoTracker Red dyes, respectively, was performed. In support of previous reports, we found cells in which ORF 3b was localized to both the nucleus and to mitochondria ( Fig. 1A) . We did not, however, as has been described, observe ORF 3b localized in the nucleolus (43) . Rather, for those cells in which nuclear localization was observed, ORF 3b was evenly distributed throughout the nucleus (Fig. 1A) . At 16 hpt, we observed cells that displayed both nuclear and mitochondrial localization of ORF 3b. Additionally, we discerned cells with exclusively nuclear or exclusively mitochondrial ORF 3b protein. To test whether the localization of ORF 3b protein changed as a function of time after expression, we performed time courses on individual cells. Within the first 4 h after expression became detectable, the ORF 3b protein accumulated solely in the nucleus. With time, however, the protein coincidentally disappeared from the nucleus and accumulated on mitochondria, thus leading to predominantly mitochondrial localization. It was possible to observe this redistribution on a single-cell level. Twenty-four hours after transfection, when the vast majority of transfected cells displayed mitochondrial localization of ORF 3b, a cell that expressed ORF 3b exclusively in the nucleus was selected for observation and imaged once per hour for 5 h (Fig.  1B) . Initially, ORF 3b was undetectable in mitochondria, and the cell displayed strong nuclear fluorescence. Within 3 h, in this particular cell ORF 3b began to redistribute from the nucleus to mitochondria, and the fluorescence intensity in both organelles was equivalent. After 5 h, the redistribution was complete, with ORF 3b exclusively colocalized with mitochondria and none of the protein remaining in nuclei.
FRAP analysis of ORF 3b dynamics. The behavior of ORF 3b that we have described, whereby the protein initially accu-mulates in the nucleus prior to trafficking to mitochondria, has not been shown for any other viral protein. Furthermore, only a few examples of cellular proteins that translocate in a similar manner have been documented and include the transcription factors p53 and Nur77, both of which are thought to induce apoptosis after accumulating at mitochondria (27, 29, 30) . Thus, this unique property of the ORF 3b protein warranted further characterization.
To determine whether the protein was stably associated with a subnuclear structure such as chromatin or was stably associated with mitochondria at later times, FRAP microscopy was utilized, which measures protein diffusion in live cells (3) (Fig.  2) . Vero cells were transfected with the ORF 3b-EGFP plasmid, and single cells displaying nuclear or mitochondrial localization of ORF 3b-EGFP were analyzed. Photobleaching of a region of interest (ROI) within the nucleus resulted in decreased fluorescence within the ROI. The mean fluorescence intensity (MFI) of a separate nuclear ROI that was not subjected to photobleaching slowly decreased during the photobleaching period, suggesting rapid diffusion during the photobleaching process. Moreover, the nuclear MFI rapidly recovered within 2 s upon termination of photobleaching, further indicating rapid movement of the fluorescent protein within the nucleus ( Fig. 2A) . These results indicate that the ORF 3b protein is not stably associated with a static structure within the nucleus.
In contrast, we observed that mitochondrial ORF 3b-EGFP failed to recover upon termination of photobleaching (Fig. 2B) . Consistent with stable mitochondrial association, a separate mitochondrial ROI within the same cell also showed no decrease in MFI during the time of the experiment. These results may indicate that the mitochondrial targeting sequence (MTS) of ORF 3b strongly interacts with the mitochondrial membrane but could also suggest that, upon translocation to mitochondria, ORF 3b binds a stably associated integral membrane protein.
Mitochondrial targeting via a predicted amphipathic ␣-helix. We next sought to identify the molecular determinants regulating subcellular localization of ORF 3b protein. To elucidate the mitochondrial localization domain, a series of truncations of ORF 3b was expressed as C-terminal fusions to EGFP (Fig. 3A) . A web-based predictor of intracellular localization, PSORTII (http://psort.ims.u-tokyo.ac.jp/), identified a (Fig. 3B , frames a to c), deletion of amino acids 71 to 154 caused a loss of mitochondrial localization, resulting in dispersal throughout the cytoplasm and a diffuse staining pattern (Fig. 3B , frames d to f). A similar expression pattern was observed for amino acids 1 to 40 (data not shown). Expression of amino acids 1 to 90 alone was sufficient to rescue mitochondrial targeting (Fig.  3B , frames g to i), indicating that important determinants for mitochondrial targeting reside within residues 71 to 90. Mitochondrial targeting was also achieved with all truncations that contained residues 20 to 70, including constructs expressing amino acids 1 to 110 and 1 to 130 (summarized in Fig. 3A) .
Several other viral proteins have been shown to localize to mitochondria via an amphipathic ␣-helix often found in the C terminus of these proteins (1, 7, 15, 35 ). To assess whether ORF 3b possessed such an MTS, a secondary structural prediction was obtained for the C-terminal portion of the protein using the program JPRED (8) . A helix was predicted between amino acids 70 to 90 (Fig. 4A) . A helical wheel of this predicted helix (Fig. 4B ) demonstrates the potential of residues 74 to 85 to form an amphipathic ␣-helix. To further refine the localization of ORF 3b, purified mitochondria were isolated from pF-ORF 3b-EGFP-expressing cells and subjected to proteinase K digestion and analysis by immunoblotting. In this assay, proteins on the outer mitochondrial membrane, such as Tom20, are digested by proteinase K while inner mitochondrial proteins, such as OxPhos-I, are protected from degradation. After treatment with proteinase K, it was no longer possible to detect ORF 3b by Western blotting. We therefore conclude that ORF 3b is bound to the outer membrane of the mitochondria (Fig. 4C) .
To identify individual amino acids necessary for mitochondrial localization, we introduced mutations in the hydrophobic residues of the predicted amphipathic ␣-helix. Substitutions of alanine residues for Val 84, Leu 83 and 88, Leu 74 and 93, and Leu 79 and Leu 93 did not alter mitochondrial targeting (Fig.  4D ). However, alanine substitutions for lysine residues 78 and 86 resulted in reduced mitochondrial targeting of the protein (Fig. 4D ), suggesting a critical role for the positively charged residues in localization. The importance of positively charged amino acids in amphipathic ␣-helical mitochondrial targeting sequences has been previously documented in other viral proteins (15) .
CRM1-mediated nuclear export. Sequence analysis suggested a putative consensus leucine-rich nuclear export sequence in the SARS-CoV ORF 3b (Fig. 5A) , which likely binds CRM1 and mediates ORF 3b translocation and has been characterized in a number of proteins (12, 26, 37) . To determine whether ORF 3b was actively transported out of the nucleus by CRM1, we tested the effect of the addition of LMB, a specific inhibitor of CRM1-mediated nuclear export (10, 13) . In the absence of LMB, cells analyzed by confocal microscopy at 8 hpt displayed nuclear ORF 3b protein, whereas those examined at 16 hpt displayed mitochondrial ORF 3b. After LMB treatment, however, ORF 3b protein was retained in the nucleus, with very few cells showing mitochondrial localization (Fig. 5B ). Consistent with our previous observations, we found that LMB-induced nuclear retention of ORF 3b correlated with a reduction in mitochondrial localization, confirming that nuclear accumulation of ORF 3b occurs prior to mitochondrial localization. These results also imply that the source of the mitochondrial pool is nuclear ORF 3b. As a control, human immunodeficiency virus type 1 (HIV-1) Rev, a protein known to rely on CRM1 for cytoplasmic localization, was found to be retained in the nucleolus by LMB (Fig. 5C ).
Inhibition of type I IFN signaling. Recently, antagonistic roles for ORF 3b, ORF 6, and N protein in production of type I IFN were reported (25) . However, the mechanism by which ORF 3b inhibits signaling for production of type I IFN is unknown. The MAVS protein responds to the detection of double-stranded RNA by RIG-I, which undergoes a conformational change upon binding of double-stranded RNA (39) . MAVS leads to activation of Tank-binding kinase 1 and IB kinaseε (IKKε) for phosphorylation and activation of IRF-3 and NF-B. Mitochondrial localization of MAVS is known to be necessary for downstream signaling, suggesting that addi- (14, 28) . We sought to determine whether ORF 3b protein inhibits type I IFN production by blocking MAVS activity at the mitochondria. To assess where ORF 3b has an inhibitory effect, HEK293T cells were transfected with a luciferase reporter plasmid driven by either the IRF-3-responsive element or the NF-B promoter, Flag-myc-tagged ORF 3b, and expression constructs for MAVS or RIG-I-N, a constitutively active form of RIG-I. Upon overexpression of either RIG-I-N or MAVS, luciferase expression driven by IRF-3 and NF-B was greatly increased. This effect was significantly reduced in the presence of ORF 3b ( Fig. 6A and B) . However, overexpression of ORF 3b did not inhibit activity of NF-B induced by TNF-␣, suggesting that the inhibitory effect of ORF 3b may be specific for the type I IFN pathway (Fig. 6C) . These results confirm a direct inhibitory role of ORF 3b in the type I IFN antiviral response (25) . Furthermore, since MAVS overexpression was not able to overcome inhibitory effect of ORF 3b, our data suggest that ORF 3b might inhibit MAVS at the mitochondria or that inhibition might occur downstream of MAVS in the signal transduction pathway.
DISCUSSION
The findings reported here are the first description, to our knowledge, of a virally encoded protein that initially accumu-lates in the nucleus and then entirely translocates to mitochondria. Many viral proteins that target mitochondria do so via amphipathic ␣-helices. Examples include HBx of hepatitis B virus, Vpr of HIV, p13 II of human T-cell leukemia virus type 1, and PB1-F2 of influenza A virus (1, 5, 9, 11, 15, 17, 20, 23) . Intriguingly, nuclear localization has also been reported for each of these viral proteins, and nuclear export sequences have been described for both HBx and Vpr (11, 33) . It remains to be determined if these proteins also undergo nucleo-mitochondrial shuttling. Nonetheless, our results attest to the necessity of evaluating the temporal distribution of viral proteins that appear to have complex spatial distributions in different cellular compartments.
The molecular mechanism regulating the timing of nucleomitochondrial translocation of ORF 3b protein remains to be determined. We have been unable to detect any evidence of posttranslational modifications of ORF 3b that could explain the localization behavior; ORF 3b isolated from a nuclear fraction has the same electrophoretic mobility as ORF 3b obtained from mitochondrial purification and does not appear to be phosphorylated (data not shown). We favor the hypothesis that ORF 3b undergoes a conformational change in the nucleus that exposes the MTS and nuclear export signal, which are encompassed in the same region of the protein, allowing for translocation out of the nucleus and to mitochondria. Our evidence would seem to suggest that a feature of the newly synthesized ORF 3b causes its continual uptake and inhibited egress from the nucleus since it appears to be mobile rather than tethered in the nucleus. Alternatively, it may be released in a time-dependent fashion from a fluid nuclear retention factor or acquire a mitochondrial location protein and thereby assume its specific localization via a partner protein(s). Although ORF 3b is sufficiently small to diffuse passively through the nuclear pore complex, the presence of active transport domains suggests that the SARS-CoV ORF 3b may act as a virally encoded chaperone and thus may bind and remove a host-encoded protein from the nucleus to modulate host responses during infection. The literature includes numerous examples of RNA viruses whose replication cycle occurs exclusively in the cytoplasm, like that of SARS-CoV, but that target the nucleus to facilitate replication or alter host cell function (18, 36) .
Many virally encoded proteins target mitochondria to initiate or repress cellular suicide, or apoptosis (1, 2). We did not, however, observe features of apoptotic cell death upon expression of ORF 3b (E. C. Freundt and L. Yu, unpublished results). While very high expression of ORF 3b-EGFP caused a minor degree of cytotoxicity, we did not detect a loss of mitochondrial membrane potential as a result of mitochondrial accumulation of ORF 3b, nor did we observe mitochondrial release of cytochrome c, production of reactive oxygen species, or morphological features of apoptosis including nuclear condensation. Furthermore, ORF 3b overexpression did not confer resistance to mitochondrial pathways of apoptosis, including apoptosis induced with staurosporine (data not shown). However, these conclusions are limited by the fact that these experiments were performed by expressing ORF 3b on its own. Apoptotic or antiapoptotic activity of ORF 3b cannot therefore be entirely excluded as ORF 3b may have other mitochon-FIG. 6. SARS-CoV ORF 3b inhibits transcription factors for type I IFN signaling induced by overexpression of RIG-I-N or MAVS. Histograms of luciferase reporter activity from HEK293T cells cotransfected with Flag-myc ORF 3b (3b) or empty vector (EV) and an NF-B reporter plasmid (A and C) or an IRF-3 reporter plasmid (B) and pRLTK and expression constructs for either pcDNA (Ϫ), MAVS, or RIG-I-N. Cells were lysed at 16 hpt, and both firefly and Renilla luciferase activities were measured. Luciferase activity was normalized to pRLTK signal and is depicted as RLU. (C) Cells were treated with 10 ng/ml human TNF-␣ (TNF) at 16 hpt for 6 h prior to analysis. Histograms representing RLU are shown Ϯ standard devia-drial functions that require the expression of additional SARS-CoV-encoded proteins, as would occur in a natural infection.
An important role for ORF 3b as an inhibitor of type I IFN expression has recently been described (25) . In a previous study, overexpression of ORF 3b was shown to inhibit IRF-3 phosphorylation, reduce expression from an IFN-stimulated response element-driven reporter plasmid, and allow for replication of a type I IFN-sensitive virus, Newcastle disease virus. The mechanism by which ORF 3b blocks type I IFN production is unknown. MAVS is targeted by several virally encoded interferon antagonists (6, 28, 38) . It is possible that ORF 3b targets this signaling pathway when it has reached the outer membrane of mitochondria. Work by Spiegel and colleagues demonstrated that during SARS-CoV infection, IRF-3 initially translocates to the nucleus at 8 h postinfection but is found redistributed in the cytoplasm at 16 h postinfection and fails to induce IFN-␤ expression (34) . It is interesting that ORF 3b may influence this process since dynamics of ORF 3b nucleomitochondrial translocation occur within a similar time frame. Thus, our elucidation of the spatiotemporal distribution of the SARS-CoV ORF 3b protein may be important in understanding the mechanism by which SARS-CoV inhibits the IFN response.
